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ABSTRACT 

The effects of interstitial sinks (reactive metals in which interstitials con- 
centrate) on the interstitial concentration, the structure and the creep behavior of 
refractory metals were  studied. The systems investigated in greatest detail thus 
far are titanium base interstitial sinks with a columbium base refractory alloy, D43. 
The systems, Ti/T222, Ti/TZM and Hf/T222, were also studied. 

rg 
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The creep rate of D43 near 0.5 TM can be expressed empirically by the 
E quat ion 

-H/RT 
€O = A a n e  

where H is 112-118K cal/mole (approximately that for self-diffusion), n is 7.7 
to 9 . 5  and A is 1.7 x 1OW2/C. The term C included in the definition of A is the 
concentration of carbon in the alloy in ppm between about 100 and 800 ppm. An 
interstitial sink reduces the carbon concentration in the D43, thereby increasing the 
value of A and the creep rate. Electron transmission studies show that this reduction 
in carbon concentration reduces the number of carbide particles that obstruct disloca- 
tion movement. The reduction in the number of these particles correlates with an 
increase in the creep rate. The values of n and H do not appear to be affected by 
the action of the interstitial sink. 

The grain structures of TZM and T222 specimens annealed with a titanium 
sink did not differ from the grain structures of specimens annealed without a titanium 
sink. Although titanium is an interstitial sink for carbon in TZM, it is not a sink for 
the carbon in T222. A parallel study of the grain structure in T222 exposed to hafnium 
suggests that this more reactive metal is an interstitial sink for T222. 

An experimental method to determine the chemical potential of interstitials 
in refractory metals was investigated using titanium-columbium alloys. The oxygen 
concentration in the titanium-columbium alloys was correlated with the free energy 
of formation of calcium oxide. The method has good potential but additional work 
will be required to critically evaluate its capabilities. 
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I. INTRODUCTION 

This is the Second Interim Technical Report for Contract NAS-7-469, 
"Structural Effects of Interstitial Sinks", covering the period June 8, 1967 through 
March 8, 1968. 

In many practical applications it i s  necessary to use a refractory metal at 
elevated temperatures in contact with a more reactive metal*. 
ditions the interstitial elements in the refractory metal tend to concentrate in the more 
reactive metal (interstitial sink). This partition of interstitials can cause a serious 
decrease in the elevated temperature strength of the refractory metal. The objective 
of this study is to obtain a better understanding of the relationships between the changes 
in interstitial concentration, the structure and the elevated temperature strength of 
refractory metals when they are  placed in contact with interstitial sinks. 
nation studied in greatest detail thus far is D43 (Cb-1OW-1Zr-O.1C) and a titanium 
interstitial sink. In future work this investigatim will be broadened to include the 
effect of substitutional solutes on the creep strength of columbium and tantalum base 

Under these con- 

The combi- 

alloys. 

The progress during the preceding period is  reported in the First Interim 
Technical Report covering the period June 8, 1966 through June 8, 1967. During this 
period the effect of the partition of carbon on the structure D43/Ti diffusion couples 
was studied. 
reduction in the carbon concentrations in the alloy and an increase in the carbon con- 
centrations in the titanium foil. 
dissolution of structure-stabilizing carbides induced by the migration of carbon to 
the titanium sink. Calculations based on the equilibrium partition of carbon between 
titanium and columbium, used to predict the partition of carbon between titanium and 
D43 were found to agree approximately with experimental results. The calculations 
predict that the effectiveness of a titanium foil as  an interstitial sink is not a sensitive 
function of its thickness o r  composition. A series of tests were performed using Ti-Cb 
alloy foils a s  interstitial sinks rather than titanium foils., It was found that the alloy 
foils a re  effective interstitial sinks even when the concentration of columbium in the 
foil is relatively high (e.g., Ti-6OCb). Studies were also initiated during the past 
period to determine the effect of an interstitial sink on the creep life of D43. 

Changes in the grain structure of D43 were found to correlate with a 

These structural changes were attributed to the 

* Such contacts may arise in brazements, coatings and diffusion bonded joints. 
Examples are: Hf-2OTa brazed T222 alloy; Ti-Cr brazed D43; (TiCr)Si coated D43 
and Hf-20Ta clad tantalum alloys. The effect may assume critical importance because 
all high strength refractory alloys use particulate strengthening, e. g. , Cb132M, D43, 
W-Hf-C, TZM, T222 and B88. 



During the period covered by the present report the creep behavior of D43 
subjected to an interstitial sink was studied further. The creep rate was correlated 
with the strength of the interstitial sink (its chemical potential) the carbon (carbide) 
concentration remaining in the alloy and the structure of the alloy. In addition, the 
effects of titanium and hafnium sinks on the interstitial concentration and the recrys- 
tallization of two additional alloys, TZM (Mo-O.5Ti-O.lZr-O.03C) and T222 (Ta-9.6W- 
2.4Hf-O.OlC) were studied. The work this period was concluded with a brief evalua- 
tion of a mekhod to determine the chemical potential of interstitials in refractory alloys. 
The system investigated was oxygen in columbium-titanium alloys. 

* 

- 
Nearly all of the experimental procedures used in this program have been 

presented in the First Interim Technical Report. Therefore experimental proced- 
ures will be reported in this interim report only when new techniques are involved. 

? 
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II. CREEP OF D43 

.9 

D43 is a dispersion strengthened alloy with excellent high temperature creep 
strength especially in the range 2000 to 2400°F. However, the properties of this 
alloy that determine its creep strength, and the effect of an interstitial sink on its 
creep behavior are not known. The objective of this phase of the investigation is to 
determine the effect of the structure and of an interstitial sink on the creep behavior 
of D43. 

strength of metals. However, the effect of the dispersed phase on creep behavior is 
interrelated with the effects from other structural features such as  dislocation net- 
works and subgrains stabilized by the dispersed phase. It is believed that the 
dispersed phase and the other structural features act as  barriers to dislocation move- 
ment and to dislocation recovery processes, thereby enhancing creep strength. In 
past work it was shown that the interstitial sink effect reduces the dislocation net- 
works and the concentration of interstitial phase in D43. Therefore, the interstitial 
sink effect should also change the creep behavior of this alloy. 

A uniform dispersion of fine stable precipitates is known to enhance the creep 

It has been shown that the creep of metals is  thermally activated; that is, 
thermal energy must be supplied for creep to occur. 
known to be a function of the stress, a , and the structure, S. Therefore, the 
elevated temperature creep rate, c 

a rate equation of the form 6' = f (a, S )  exp -H/kT., where H is the activation 
energy k is the Boltzmann constant and T is the absolute temperature. In this 
regard, creep data are often correlated using the equation, 

In addition, the creep rate is 

is often empirically expressed very simply by 

-H/KT 
n 

c o =  A (+) e 

where G is the shear modulus, A is a proportionality factor that includes the 
structure dependency of the creep rate and n expresses the stress dependence of the 
creep rate. 
sion above 0 . 5 T ~  and A is often constant over a range of temperatures although 
theory indicates that it should vary with temperature. The stress exponent, n, which 
is found to be about 5 for pure metals is usually decreased by alloying and increased 
by incorporating a fine dispersed phase into the base metal. Although the stress 
dependences are  usually expressed by a power term as  in Eq. 1, the data sometimes 
conform better to an exponential stress dependency. 

r 

H is usually constant and equal to the activation energy for self-diffu- 

3 



The concept of creep is based upon the application of stress and temper- 
ature to overcome obstacles to deformation present in the structure; thus the strain 
rate will be a function of the variables, stress, temperature and structure, Holding 
two of these variables constant during a creep test will reveal the effect of changes 
in the third on the strain rate. From measurements of this type the equation govern- 
ing creep (such a s  Eq. 1) can sometimes be deduced and related to various creep 
theories through simplified dislocation models. A determination of the creep equa- 
tion is thus of both practical and theoretical interest since it can be used to predict 
the creep rate under different conditions and to yield information concerning the 
mechanism of creep. Therefore, the creep of D43 was studied before and after sub- 
jecting it to an interstitial sink to determine the influence of the sink on the 
structure, temperature, and stress dependence of the creep rate. 

The influence of some of the variables that affect the creep behavior of D43 
Because of the number of these variables are discussed in the following sections. 

and their rather complex dependencies, the subject matter to be discussed is outlined 
in sequence below. 

A. Creep of As-Processed D43 (Sec. 2.1) 

1. 

2. 

Creep curves for the as-processed alloy (Sec. 2.1.1) 

The activation energy for creep (Sec. 2.1.2) 
(a) The dependence of the activation energy on creep temperature 

3. 

4. 
The stress dependence of the creep rate (Sec. 2.1.3) 

The effect of structure on creep (Sec. 2.1.4) 

B. The Effect of an Interstitial Sink on Creep Behavior (Sec. 2.2) 

1. The effect of a titanium sink on creep rates (Sec. 2.2.1) 
(a) Titanium sink in place during creep 
(b) Titanium sink effective before creep 

2. The effect of sink composition on creep rate (Sec. 2.2.2) 
(a) Thermodynamic considerations 
(b) The variations in creep rate with sink composition 

3. 

4. 

The effect of sink compositions on the activation energy (Sec. 2.2.3) 

The effect of an interstitial sink on the stress dependence of 
the creep rate (Sec. 2.2.4) 

5. The relationship between structure, creep rate and sink 
composition (Sec. 2.2.5) 

4 



In the first section (2.1) the influence of processing history, strain, temp- 
erature and structure on the creep rate are examined. In the subsequent section 
(2.2) the effect of an interstitial sink on the creep behavior of Q43 is examined and 
compared with the creep behavior of the alloy prior to subjecting it to an interstitial 
sink. 

For convenience in the discussion, the phase distributed in the D43 matrix 
as particles will be referred to as  carbides although it is realized that this phase 
(or phases) may be more complex. Structure will refer to both the dislocations and 
particles in the D43 matrix and the term as-processed or as-received designates 
the alloy in the condition that it was received from the supplier, i. e. , for the 
Fansteel material, the standard (Std F) or duplex (Dup F) conditions, and for the 
du Pont material, the duplex (Dup D) condition. For simplicity in the discussion, 
"creep life" will indicate the time for 8-10 percent strain for the conditions of the 
test. 
activation energies were determined over a wide range of temperatures. 

Most of the data are for a creep temperature of 2200'F. However, some 

2 .1  CREEP OF AS-PROCESSED D43 

The creep characteristics of the as-processed alloy are presented in this 
section to provide a basis for comparison of the changes in creep behavior induced 
by an interstitial sink. 

2.1.1 Creep Curves for the As-Processed Alloy 

The effects of the different processing treatments given the alloy by du Pont 
and Fansteel on the creep life and the shape of the creep curves at 2200°F are shown 
in Fig. 1. The creep life of D43 (Dup D) i s  about four and one-half times longer than 
that of D43 (Std F) and D43 (Dup F). 
than the Dup F at strains greater than about four percent. Since the conditions of 
creep testing were identical and the composition is nominally the same, the dependence 
of creep life on the processing condition is probably caused by differences in structure 
induced by processing. The D43 (Std F) has a relatively long region of primary creep 
(region of decreasing creep rate) extending to -100 minutes followed by a region of 
approximately steady state o r  constant creep rate. The Dup F has a region of slowly 
increasing creep rate extending to -100 minutes followed by a region of approximately 
steady state creep rate (from -100 minutes to the end of the test)# whereas the Dup D 
has a long region of gradually increasing creep rate extending to -400 minutes before 
attaining a steady state creep rate. Probably the most distinguishing feature of these 
creep curves is the lack of a detectable region of primary creep (region of decreasing 
creep rate) for the two Duplex specimens. 

In addition, the Std F has a longer creep life 

Steady state creep (constant creep rate) is ordinarily associated with a 
stable or  equilibrium structure for conditions of constant stress and temperature, 
whereas deviations from a constant creep rate are attributed to dynamic or  changing 
creep structures. On this basis, a longer time is required for the alloy in the Dup D 
condition to attain a stable structure during creep than is required for the alloy in 
the Dup F and Std F conditions. The structure of Dup D is initially more creep 
resistant (lower creep rate) than is its steady state creep structure. This behavior 

5 
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probably indicates an initial overaging of the as-processed structure at 2200" F , 
before a stable less creep resistant creep structure is attained. 
with this behavior the Std F structure is initially less creep resistant (higher creep 
rate) than is its steady state creep structure. Thus, creep at 2200°F weakens the 
stronger Dup D and strengthens the weaker Std F .  The initial structure of the Dup F 
condition does not vary greatly during the test. 

In contrast 

A s  previously discussed (Interim Report June, 1966 - June, 1967) the 
primary difference between the processing treatments given the Dup D and Dup F 
material is  the higher solution annealing temperature given the former prior to de- 
formation and aging. It is believed that this higher solution annealing temperature 
will take more carbides into solution so that on subsequent aging more carbides 
would be reprecipitated. The longer creep life of the Dup D might then be associated 
with the different carbide distribution and particle size in the Dup D material. 
Examination of the as-processed alloy using transmission-electron microscopy 
shows a f iner  carbide size and a greater coincidence of carbides with dislocations 
and subgrain boundaries in the alloy in the Dup D condition relative to the Dup F and 
Std F conditions. The greater number of potential barriers to moving dislocations 
in the Dup D material may be an important factor contributing to its longer creep 
1 ife. 

2.1.2 Activation Energy for Creep of D43 

Activation energies were calculated from the changes in  strain rate induced 
by abrupt shifts in temperature during creep tests. This method has been described 
in detail in the Interim Report for June, 1966 - June, 1967. 

The activation energies were determined for the as-processed D43 (Dup D, 
Dup F and Std F conditions) as a function of creep strain. The results listed in 
Table I show that the activation energies are  relatively constant with strain. If there 
is a consistent variation in the activation energy with strain, it is obscured by the 
scatter in experimental measurements (Standard Deviations for Std F,  Dup F, Dup D 
are  13, 8, and 8 K Cal/Mole respectively). These results suggest that structure 
differences that may be introduced during creep deformation do not change the 
mechanism controlling the creep rate of D43. However, the activation energy for 
Dup D is significantly lower than those for Dup F and Std F. This difference in 
activation energies may be related to the differences in carbide distribution since a 
finer carbide was detected in the Dup D material than in the D43 processed in the 
other conditions. 
sition of the carbide in the Dup D relative to the carbide in the differently processed 
material may affect the activation energies for creep. This could occur because the 
composition of the matrix would be different if the composition of the carbide changes. 
However, the mechanism by which slight changes in matrix composition could change 
the activation energies for creep is not clear at this time. 

Another possible explanation may be that a difference in the compo- 

7 



TABLE I 

ACTIVATION ENERGY (K cal/mole) FOR CREEP OF AS-PROCESSED 
D-43 AT 2200°F AS A FUNCTION OF STBAIN 

The Dependence of the Activation Energy on Creep Temperature 

Activation energies were determined for the Dup F material over the temp- 
erature range 1600 - 3200°F. The variation in the activation energy as  a function of 
the creep temperature is shown in Fig. 2. A solid line is drawn through the average 
activation energy values, and the approximate activation energy for self-diffusion in 
this alloy is indicated in the center of the diagram (Interim Report June, 1966 through 
June, 1967). 

Above about 2200'F ( -  0.5 TM) the average activation energy for creep is 
within the upper range of the approximate activation energy for self-diffusion in this 
alloy. This agreement is consistent with recovery creep where the creep rate is 
controlled by a dislocation climb mechanism. During these tests it was observed 
that the activation energy above 2200 F is independent of the stress within the range 
of stress values tested (3000 psi to 15,000 psi). This stress independence of the 
activation energy is also a characteristic of recovery creep where the creep rate is 
controlled by a dislocation climb mechanism. 

Additional work will be required to reduce the scatter in data points below 
2200°F. However, the results thus far indicate that for a range of temperature 
below 2200" F, the activation energy for creep is greater than that for self-diffusion. 
This is surprising since below about 0 .5  TM the measured activation energy for 
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creep is expected to decrease based on the creep behavior of fcc metals. In this 
temperature region the measured activation energy, H# is believed to be stress 
dependent and to be defined by a n  equation of the form 

# where H is the measured or  apparent activation energy, v is a coefficient of pro- 
portionality between stress and energy and a# is the stress effective in overcoming 
the energy barrier, H" . 
tures are ordinarily made at low stresses at high temperatures and high stresses at 
low temperatures so that the strain rate is maintained approximately constant, and 
the tests can be completed in a reasonable length of time (a procedure followed in 
obtaining the activation energy values shown in Fig. 2). According to Eq. 2, H# 
will thus decrease with decreasing temperatures because a# is increased. This is 
in contrast with the experimental results shown in Fig. 2 where H# increases with 
decreasing temperature despite an increase in stress of from 15,000 psi at 2200°F 
to 44,000 psi at 1600" F. 

- 
Activation energy measurements over a range of tempera- 

-r 

The increase in H# below 2200°F could be accounted for if solute atoms 
interact with dislocations in this temperature region and affect their mobility. The 
activation energy for creep deformation may then reflect the energy required for a 
dislocation to overcome its atmosphere of solute atoms in addition to the normal 
barriers to dislocation movement. 

The conditions of temperature and strain rate under which an interaction 
between solute atoms and moving dislocations can be expected has been analyzed 
by McLean (Ref. 1) and Cottrell (Ref. 2). An approximate relationship can be derived 
by equating the mobility of the solute atoms (the first term in the Eq. 3) to the velocity 
of the dislocations (the second term in Eq. 3) so that 

ob2D c" . = -  l o r n  pb (3) 

In this equation Q is the stressI b is the Burgers vector, k is the Boltzmann 
constant, T is the temperature, 6" is the strain rate, p is the dislocation density 
and D is the diffusion coefficient. 

Where p = 10 9 , b = 2.5 x 10-8cm, 0 = 10 x 10 8 dynes/cm 2 (about 15,000 psi) 
and T = 1365" K ( - 2000" F), 

D = 1 6 0 .  

10 
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Since H/kT in the diffusion equation is approximately equal to ~ ~ T / T M  and 
the frequency factor is about unity, 

T 17 -=  . 
TM 16 -In Co 

(5) 

Equation (4) and (5) thus express very approximately the conditions of strain rate and 
temperature where interactions between substitutional solute atoms and moving 
dislocations could lead to an increase in the activation energy for creep as  previously 

-9 

b described . 
-6 For D43, where = 7 x 10 /sec (the approximate f "  used in these tests) 

and interaction between substitutional elements and dislocations would be expected 
to occur according to Eq. (5) at 0 . 6 T ~  o r  about 2650°F. In this regard, Eq. (5) is 
not a sensitive function of the assumed parameters, e. g., an increase in p to l o l o  
decreases T/TM to 0.56. Thus for reasonable values of the parameters the 
temperature derived from Eq. (5) is considerably higher than the temperature in 
Fig. 1 (about 1 8 0 0 0 ~  o r  0 . 4 4 ~ ~ )  at which the activation energy appears to rise 
above that for self-diffusion. The increase in activation energy is not likely to be 
caused by interstitial interactions with dislocations because of the high mobility of 
interstitials in this temperature range. 
responsible for the increase in activation energy below 2200°F in D43 can be cal- 
culated according to Eq. (4) for the strain rate used in these tests. Where 
6" is 7 x 10-6/sec, D is approximately cm2/sec. The interaction is probably 
not due to the diffusion of Z r  that may be in solution in D43 since its diffusivity at 
1800" F in Cb is reported to be -10-17cm2 sec (Ref. 3). The diffusion of UT in 
D43 will probably be even slower than Z r  so that it is not likely to account for the 
increase in the activation energies. Therefore, some more complex diffusing species 
must account for the observed results. In this regard, where clustering of solutes 
affects their mobility 3r where solutes interact with each other, as  well a s  with 
dislocations, the temperature range of the interaction may be shifted or broadened 
according to the mobility of the diffusing species. 

The apparent diffusivity of the element 

2.1.3 The Stress Dependence of the Creep Rate of As-Processed D43 

The stress dependency of the creep rate was examined at 2200°F for the alloy 
in the various as-processed conditions. 
measuring the change in strain rate before and after sudden shifts in stress during 
creep tests. A typical differential stress test is shown in Fig. 3 ,  and the strain rates 
derived from this test are listed in Table n. It is evident that the stress dependency 
of the strain rate for this alloy is approximately independent of the stress and strain 
history of the specimen, e. g. , the strain rate for 15 ksi is reproducible (within 
experimental error) at the beginning and end of the creep test. In this regard, it 
was found that the stress shift method yielded approximately the same strain rate 

Stress dependencies were determined by 
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FIGURE 3. TYPICAL SEQUENCE FOR DIFFERENTIAL STRESS TESTS AT 2200" F 
PRECREEP TREATMENT 57 HRS AT 2200 O F  

TABLE II 

CHANGE IN CREEP RATE OF D43 WITH STRESS FOR DIFFERENTIAL 
STRESS TESTS AT 2200° F 

dependency as that derived from a series of single stress creep tests. This is shown 
in Fig. 4 where the results from a number of differential stress tests and single stress 
test are plotted together. The results show that the strain rate, e o ,  is approximately 
proportional to o n  (within the range of stress tested) where o is the stress and n 
is a constant of about 9.5. It should be pointed out, however, that the data can also be 
adequately described by the relationship eo a eBo where B is about 0.6 x psi-l 
(Fig. 5). Unless the range of isothermal stress variations is large it is difficult to 
establish which of these empirical relationships is more applicable i o  the data. For 
e-h if the data are linear for a plot of In r" versus In o i. e., a 0 where n =  9.5 
over a stress range of 15 to 20 ksi the data will also be 
versus 0 ,  i.e. a c0aeBo. Here, B, the slope of the 

approximately linear for In c0 
latter plot will vary from 
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0.63 x 10-3psi-1 to 0.48 x 10-3psi-1 over this range of stress variations. This rather 
small change in slope may be difficult to distinguish from the scatter in experimental 
data points. 

The relationships between B and n can be derived a s  follows. For data 
conforming to the equation 

-." EO =con (6) 

where C and n are constants 
*. 

= n. dE"/T 

d o/o 

and for data conEorming to the equation 

0 Bo 
C: = A e  

where A and B are constants, 

d t / f o  - 
d a/u 

The refore 

and 

n =  O B  

o B  

A/C = (a/e)". 

Thus, for data that obey Eq. 6 ,  where C and n are constants, B and A in 
Eq. 7 must vary according to the relationships 

and 
B = n/u 

A = c (a/e)" 

(7) 

Although either Equation 6 or 7 appears to adequately describe the stress 
dependence of the creep rate for D43, the an relation will be used in the remainder 
of this report. This will facilitate comparison with most published work since steady 
state creep rates are most often expressed in terms of a an dependency. 

* 

Fig. 6 shows the stress dependence of the strain rate at 2200°F for the dif- 
ferently processed D43. Although the processing treatment affects the creep rate a s  
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previously discussed, these results show that processing has only a minor effect on 
the stress dependence of the creep rate. The du Pont Duplex condition has the lowest 
stress exponent ( n  = 7 . 7 )  and the Fansteel Duplex has the highest stress exponent 
( n  = 9.5). 
mental variation in the value of n of about k 0.5. 

This difference, although small, is judged to be greater than the experi- 

2.1.4 The Effect of Structure on Creep of As-Processed D43 
c 

Q 

In this section the structures as revealed by transmission electron microscopy 
are compared before and after creep testing to gain some insight into the effect of car- 
bide particles on the elevated temperature strength to this alloy. Creep specimens 
were cooled from the creep temperature with the load on the specimen to retain the 
elevated temperature dislocation structures for subsequent examination. 

b-. 

The structures observed in the as-processed D43 prior to creep testing have 
been discussed in detail in the First Interim Technical Report. 
structures will only be briefly considered here for comparison with the structures 
observed in the specimens after creep testing. In general, all of the as-processed 
structures prior to creep testing (Dup D, Dup F , Std F) are inhomogeneous, having a 
range of subgrain sizes (300-3OOOA) and variations in the carbide particle sizes 
(1-10 microns) and distributions. 
structures to be discussed here, the as-processed structure of D43 (Std F) prior to 
creep testing is shown in Fig. 7A and typical structures after creep testing are shown 
in Figures 7B and 8. After creep, the structures are  characterized by the elimination 
of many of the subgrains observed in the as-processed material. The subgrains ra- 
maining in the specimens after creep are in general larger than those in the as-processed 
structure. In addition, the dislocations are more uniformly distributed after creep, 
and they nearly all lie along carbide particles. These results suggest that the carbide 
particles enhance the creep strength of 043 by interacting with moving dislocations. 
There is no evidence for an indirect dislocation particle effect such as  might be derived 
from the formation or  retention of a particle-induced stable subgrain structure Which, 
in turn, could obstruct the movement of dislocations. 

Thus, the precreep 

For a general comparison with the post-creep 

A s  previously discussed, a dispersed phase can impart elevated temperature 
strength to a metal by interacting with dislocations so that their movement o r  
generation is obstructed. Deformation can continue if dislocations deform or  fracture 
particles leaving loops behind (Orowan mechanism) or by-pass particles by cross-slip 
or climb. 
ways even though only one mechanism may be rate controlling. Therefore, it is  diffi- 
cult to deduce the rate controlling dislocation mechanism from structural observations 
alone. However, the structure must, nevertheless, be consistent with the actual dis- 
location movements in the lattice and their interactions with the particles. For example, 
the structure in the specimens after creep shows no definite evidence of deformation o r  
fracture of the carbide particles induced by dislocation movements. In addition, dis- 
location loops around particles as  postulated by Orowan were not observed. However, 

Carbide particles can thus alter the dislocation structure in a number of 
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FIGURE 7. STRUCTURE OF AS-RECEIVED D43 (STD F): 32,000 MAGNIFICATION 
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A .  

B. 

FIGURE 8. STRUCTURE OF AS-RECEIVED D43 AFTER 9 PERCENT 
CREEP STRAIN: 32,000 X MAGNIFICATION 
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there is ample evidence that particles obstruct dislocation movement during creep. 
Therefore, the rate controlling dislocation mechanism is likely to be one whereby 
dislocations overcome obstacles by cross-slip or  climb. ., 

Screw dislocations should easily bypass particles by cross-slip at the temp- 
erature of these tests. The cross-slip of screw dislocations over particles will thus 
contribute to the observed dislocation structures, but this mechanism is not likely to 

the slower mechanism, i. e. , climb of edge dislocations over carbide particles. This 
postulated mechanism is in agreement with the almost equal values for the activation 
energy for creep and that for self-diffusion in D43, as discussed in Section 2 . 1 . 2 .  
On this basis, the dislocation configurations near particles in Figures 7A and 8 are 
those resulting from the following: edge dislocations held up by particles and bowing 
out between them ( X  in Figures 7B and 8B), dislocations which are partly wrapped 
around particles where climb is not yet complete (Y in Fig. 8B) and dislocations 
that have surmounted particles by climb. 
anism will result in edge dislocations containing climb jogs. This mechanism could 
account for the wishbone shaped dislocation configurations observed near some of the 
particles ( Z  in Figures 8A and B). It should be realized, however, that the above 
simplified models are likely to be complicated in any real crystal by the interactions 
of dislocations of mixed edge and screw character with each other and with carbide 
particles. 

be rate controlling. Therefore, the rate controlling creep mechanism is likely to be J 

4 

It has been postulated that the latter mech- 

2.2 THE EFFECT OF AN INTERSTITIAL SINK ON CREEP BEHAVIOR 

In this section data showing the creep behavior of as-processed D43 subjected 
to titanium sinks and titanium-columbium sinks are  presented. The general shapes of 
the creep curves, the activation energies, the stress dependencies and the structures 
are analyzed to determine the effects of interstitial sinks on the creep behavior of this 
alloy. In the first sub-section below,data are presented to show the effect on the creep 
rate of a titanium sink acting on the specimen during creep testing and of a titanium 
sink applied to the specimens before creep testing. For the former tests, the speci- 
mens were creep tested with the titanium sink diffusion bonded to their surfaces. 
the latter tests, the specimens were heated (2200°F for 57 hours) with an interstitial 
sink diffusion bonded to their surfaces and then the sink was removed before creep 
testing the specimens. 
heat treatment will drastically reduce the interstitial concentration and thus the amount 
of the dispersed phase in the D43. The creep behavior of these sink treated specimens 
is compared with the creep behavior of both the as-processed alloy and the alloy given 
the same precreep heat treatment without an interstitial sink. In the remaining sub- 
sections, data are presented to show the effect on the creep behavior of precreep heat 
treatments with interstitial sinks of varying chemical potentials. This latter study 
shows the effect on the creep rate of D43 of interstitial sinks with different affinities 
for the interstitials in the alloy. In effect, the study reveals the creep rate of D43 
with interstitial concentrations reduced to different levels by the various sinks. 

For 

It has been shown in the First  Interim Report that this precreep 
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2.2.1 The Effect of a Titanium Sink on the Creep Rate of D43 

The effect of a titanium sink on the creep rate and the shape of the creep curves 
are discussed in this section. The cases considered are those where the titanium is 
effective in removing interstitial from the D43 during creep testing and before creep 
testing. 

The Effect of a Titanium Sink in Place During Creep 

The effect of a titanium sink in contact with the specimen during creep testing 
-2- on the creep behavior is shown in Fig. 9. For this test the strength of the titanium has 

been neglected, since its strength at 2200°F is only -200 psi and it constitutes only 
1 0  percent of the specimen cross-section. A comparison of the two curves shows the 
effect of the progressive removal of carbon on the creep rate of D43 (Dup D). The 
creep rate increases continuously,and the creep life of the alloy is drastically shortened 
by the action of the titanium sink during creep testing. The titanium sink induces an 
almost immediate increase in creep rate of the alloy relative to the as-received allov 
not subjected to a titanium sit&. The creep rate of the specimen tested with titanium 
initially increases and then attains a steady state creep rate at a strain greater than 
-3 percent. The greatest increase in the creep rate caused by the action of the titanium 
sink occurs within the first 150 minutes of the test. A s  previously shown, this is also 
the period of time when the greatest amount of carbon (and, therefore, carbides) is 
removed from the alloy. The carbon in D43 subjected to a titanium sink is reduced to 
about half of its initial value during the first 100 to 200 minutes at 2200°F while some 
3000 minutes are required for most of the remaining carbon to be removed. Since the 
creep rate of the alloy is determined by its structure (for the conditions of constant 
stress and temperatures used in these tests) the greatest changes in structure must 
also occur during this initial period of increasing creep rate and maximum carbon 
(carbide) removal. These results show the marked effect of the carbon concentration 
on the creep rate and, therefore, on the structure of D43. Clearly, carbide removal 
(by a titanium sink) during creep tests changes the structure and increases creep rate 
of this alloy. 

Titanium Sink Effective Before Creep 

The effects on the creep behavior of annealing the differently processed D43 
alloys with and without a titanium sink are shown in Figures 10-12. Creep specimens 
were heat-treated for 57 hours at 2200°F prior to creep testing. This heat treatment 
significantly decreases the creep life of this alloy. 
life is much more severe for specimens annealed with the sink than for those similarly 
annealed without the sink. The action of the sink in removing the carbide particles 
reduces the alloy to one that is solution strengthened rather than dispersion strengthened. 

However, the reduction in creep 
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FIGURE 10. THE E F F E C T  OF A TITANIUM SINK ON THE CREEP BEHAVIOR 
OF D43 (DUP F) AT 2200 F (15,000 PSI) 
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FIGURE 11. THE E F F E C T  O F  A TITANIUM SINK ON THE C R E E P  BEHAVIOR 
OF D43 (STD. F) AT 2200 F (15,000 PSI) 
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It is  evident that the carbide dispersion is an essential factor enhancing the 
creep life of this alloy since its removal reduces the creep life of the differently pro- 
cessed material to about the same low level. In effect, the processing condition of the 
alloy is erased by the action of the sink. 
evident for specimens annealed without a sink since the creep life of Dup D is still much 
greater than those of Dup F and Std F after this annealing treatment. 

2 . 2 . 2  The Effect of Sink Composition on Creep Rate 

However, the effect of processing is still 

.. - 

In this section work performed during the previous period concerning the 
P partition of carbon between a series of Cb/Ti foils and D43 will be briefly reviewed 

to provide a background for a continuation of this work this period. The actual equili- 
brium partition of carbon between the D43 and the interstitial sinks are compared with 
those calculated from thermodynamic considerations. 
different interstitial sinks on the creep rate of D43 are discussed in terms of the reduc- 
tions of the carbide phade in the alloy by the various sinks. 

In addition, the effect of the 

Thermodynamic Considerat ions 

The equilibrium partition of interstitials between a refractory metal and a 
sink metal (foil) is determined by the difference in the partial molar free energy ( p ) of 
the interstitials in the two metals. A s  previously discussed, p can be varied by chang- 
ing the composition of the interstitial sink since 

In this equation p is the change in free energy (partial molar free energy or chemical 
potential) of the interstitial in solution in the sink alloy foil, AF" is the free energy 
of formation of the interstitial compound), C is the concentration of interstitial in 
solution in the alloy,. T is the temperature, and S is its saturation solubility. The 
two terms affecting p ( and thus the partition of interstitials between the alloy foils 
and the refractory metal) at a constant temperature are AFo and S. 

~ 

Using this equation, the equilibrium partition of carbon between a series of 
Ti-Cb interstitial sink foils and columbium was calculated and the results were 
presented in the previous report. The calculated values were compared with the 
experimental data for the partition of carbon between the alloy sink foils and D43. 
Comparisons were made between calculated values and experimental values using the 
initial compositions of the alloy foils rather than those after the alloy foil/D43 diffusion 
couples had been annealed at 2200°F. For these calculations, it is  assumed that the 
composition of the sink foils and the columbium (D43) remain constant while the carbon 
assumes an equilibrium partition between them. In effect, the composition (chemical 
potential) of the interstitial sink is taken to be constant during the time required for 
carbon to concentrate in the sink. However, as  described in the previous report, the 
composition (chemical potential) of titanium in the foils is reduced by dilution with 
columbium from the D43. 
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During this period the compositions of the alloy foils was determined by 
electron microprobe analyses after the diffusion couples were annealed at 2200°F 
for 57 hours. A comparison was made of the partitions of carbon in the alloy foil/ 
D43 couples for the annealed foil compositions (rather than the initial foil composi- 
tions). The changes in foil composition induced by annealing are  shown in Table 111 
(for 0.0045 inch foils on 0.020 inch D43). Compositional changes in the foil are 
greatest for alloy foil/D43 diffusion couples where the alloy foil is high in titanium. 
A s  previously discussed, dilution of the foils with columbium is severe for the Ti/D43 
system because of the high intrinsic diffusion of titanium relative to columbium. The 

Fig. 13 for both the initial and final foil compositions. The calculated percentages 
for carbon remaining in columbium at equilibrium partitions are in reasonable agree- 
ment with the experimental values for carbon remaining in the D43. 

- 

calculated and experimental carbon concentration remaining in the D43 are  shown in -4 

Before 
Annealing 

After 
Annealing 

Variations in Creep Rate with Sink Composition 

F O I L  COMPOSITION ATOMIC P E R C E N T  

Ti Ti-30Cb Ti-6OCb Ti-9OCb Ti-99Cb Cb 

Ti-22Cb Ti-51Cb Ti-69Cb Ti-9OCb Ti-99Cb Cb 

The D43 specimens whose carbon concentrations are shown in Fig. 13 were 
tested in creep after they had been annealed at 2200°F in contact with the various alloy 
foils. 
from the creep specimens before measuring their creep life. The creep data (labeled 
according to the initial composition of the alloy foils) are shown in Fig. 14. It i s  
evident that the creep life of D43 is a sensitive function of the composition (chemical 
potential) of the interstitial sink to which it is subjected. A sink containing ten atomic 
percent titanium in columbium (Ti-9OCb) is sufficiently active to significantly reduce 
the creep life of D43. 

A s  previously described, the alloy foil and the diffusion zone were removed 

For the conditions of these tests (constant stress and temperature) the creep 
rate will be a function only of the metal structure. Thus, a more significant factor than 
the composition of the sink in considering the creep behavior of these specimens is 

TABLE III 

CHANGES IN THE ALLOY FOIL COMPOSITIONS INDUCED BY ANNEALING 
THE ALLOY FOIL/D43 COUPLES FOR 57 HOURS AT 2200' F 
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(Wt% Cb in Ti) 

- - - Calculated 

A. For Sink Composition Before Annealing 
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FIGURE 13. CARBON REMAINING IN D43 AFTER EQUILIBRIUM PARTITION AT 
2200 F AS A FUNCTION OF THE COMPOSITION OF THE 
INTERSTITIAL SINK. 
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TIME (Min) 

FIGURE 14. EFFECT OF THE COMPOSITION OF THE INTERSTITIAL SINK ON THE 
CREEP RATE OF D43 AT 2200 F. THE INITIAL INTERSTRIAL SINK 
COMPOSITIONS ARE SHOWN BY EACH CREEP CURVE 

their carbon concentration since this is a measure of the amount of carbides in their 
structure. Previous work has shown that carbon is the major interstitial in D43 and 
that carbon can be used as  a measure of the amount of interstitial precipitates (complex 
carbides o r  oxides) remaining in this alloy to strengthen it. For convenience in the 
following discussion, the interstitial phases contributing to the high temperature 
strength of D43 through their influence on structure will simply be referred to as a 
carbide. In Fig. 15A the steady state creep rates derived from the data of Fig. 14 
are  shown as a function of the carbon concentrations in the specimens. These results 
show that the creep rate is a sensitive function of the carbon concentration and thus 
the amount: of carbides in this alloy. 

For a creep rate, c o  a controlled by the climb of edge dislocations over 
particles the creep rate can be defined as  (Ref. 4) 

where N is the number of particles per unit volume, A is the area swept out by a 
dislocation after climbing over an obstacle, b is the Burgers vector and R is the 
climb rate. For this physical situation it can be shown that 

o r  r a -  
f 

where r is the particle radius and f is the volume fraction of second phase particles. 
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Since the weight fraction of carbon, C, is a to the volume fraction of carbide in 
D43, fo should be linear with (C)-l if the particle radius remains approximately 
constant while the interparticle spacing varies. The data plotted in Fig. 15B show 
that the creep rate is inversely proportional to the carbon Concentration to 100 ppm 
carbon. The approximate linear relationship derived from these data 4s 

0 -2 -1 =1.7x10 c . (13) ... 

For carbon concentrations below 100 ppm the creep rate and hence the structure is 
relatively independent of the carbon concentration. For carbon concentrations less 
than 100 ppm the carbon is likely to be for the most part in solution at 2200°F so that 
the structure and hence the creep rate will be independent of the carbon concentration. 
The relationships between the carbon concentration and the creep life of D43 indicated 
by these results can be summarized a s  follows: 

-i 

For C < -800 and > 100 ppm,the distribution and volume fraction B carbides 
control the creep rate through their influence on structure so that 

For C < 100 ppm the creep rate is a function of structure independent of the 
carbon concentration so that 

where S is the structure, and u is the stress. 

2.2.3 The Effect Of  a Sink on the Activation Energy for Creep 

The activation energies for creep for specimens tested at 2200°F are listed 
in Table IV as a function of strain for the following conditions: the as-processed alloy; 
the as-processed alloy after a precreep heat treatment of 57 hours at 2200" F , the as- 
processed alloy after a precreep heat treatment of 57 hours at 2200°F with a titanium 
sink. Although the activation energies are  relatively constant with strain, within the 
scatter in experimental determinations, there is some tendency to higher values at 
low strains (e.g., 2200°F 57 hrs  with T i  in Table Tv). A s  previously ditwussed, the 
activation energies for the as-processed Dup D are, in general, lower than those for 
the as-processed Std F and Dup F. The average value of the activation energy of 
96K cal/mole for Dup D in the as-processed condition lies just outside the range of 
values determined by comparing the standard deviation (10) with average of the other 
activation energy values (115) in Table Tv. However, heating the Dup D material 
either with or without a titanium sink results in an increase in the activation energy 
to an average value near those for the Std F and Dup F conditions. A s  previously 
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TABLE IV 

115 112 I 110 

ACTIVATION ENERGIES FOR CREEP OF D43 AT 2200'F 

117 I 117 

Creep 
;train(%) 

0. 8 
1. 6 
2.4 
3. 2 
4. 0 
5. 8 
6. 6 
7. 3 
8.2 
9. 0 

ACTIVATION ENERGIES x Cal/Mole 

AS - 
Std F 

136 
131 
97 
120 
12 8 
112 
101 
113 
102 
12 1 

rocessi 

DuP F 
12 6 
12 5 
12 3 
12 0 
111 
12 7 
112 
10 8 
115 
110 

118 

1 

DuP D 
82 
91 
110 
94 
98 
99 
89 
102 
107 
95 

96 

!2000 

Std F 

135 
12 3 
117 
111 
124 
110 
99 
106 
118 
108 

/57. Hrr 

DuP F 
113 
12 8 
113 
105 
124 
108 
101 
111 
12 0 
99 

, No Ti 

DuP D 
121 
110 
106 
102 
110 
104 
100 
102 
122 
110 

2200O 

Std F 

146 
137 
113 
109 
124 
99 

'157 Hr 

DuP F 
135 
126 
110 
103 
131 
100 
126 
107 
102 
125 

with T 

DUP D 
124 
132 
122 
108 
107 
102 
117 
111 
12 6 
105 

115 

discussed, (Sec. 2.1.2) this difference in activation energy for the as-processed Dup D 
may be caused by a difference in the partition of a substitutional element between the 
matrix and the precipitate. It is interesting to note that heat treating the alloy for 
57 hours at 2200°F does not significantly change the average activation energies for 
the Std F and Dup F conditions even though this heat treatment drastically reduces the 
density of dislocations and subgrains in the alloy. In addition, the almost complete 
removal of the interstitial phase prior to creep by the action of the titanium sink does 
not induce a significant change in the activation energy relative to those for the alloy 
heat treated without a sink. Table V lists the activation energies for D43 (Dup D) 
heated without a sink and with progressively stronger sinks. It is evident that the 
progressive reduction of carbon (carbides) by the sinks does not significantly change 
the activation energy for creep of this alloy. These results show that the activation 
energy for creep is not much affected by the dislocation or second-phase structures 
in D43. 

2.2.4 The Effect of an Interstitial Sink on the Stress 
Dependence of the Creep Rates 

The stress dependences of the creep rates were determined for a series of 
D43 (Dup D) specimens that had been exposed to interstitial sinks with compositions 
ranging from unalloyed columbium to unalloyed titanium. A s  previously discussed in 
Sec. 2.2.2, this precreep sink treatment (2200°F /57 hrs) reduces the carbon 



TABLE V 

As-  
Processed 

THE EFFECT OF INTERSTITIAL SINKS ON THE ACTIVATION ENERGY 
FOR CREEP QF D43 (DUP D) AT 2200°F 

No Ti-9OCb Ti-6OCb Ti  
Sink Sink Sink Sink 

I 

10 

96 
1 

No.of 
Determinations 

Ave. AH Value 
(Cal/Mole x 10-3) 

10 5 10 10 

110 108 114 115 

SPECIMEN TREATMENT 

1 2200°F/57 H r s  with the Sink 
ComDositions Listed Below 

I I I I 

concentration of the specimens to levels proportional to the concentration of titanium 
in the sink. The stress dependencies of the creep rates at 2200°F are shown in Fig.16 
labeled according to the composition of the sink foils to which the specimens were 
exposed. The slopes of the log strain rate versus stress plots are seen to be about the 
same over the range of stress tested. A s  shown in Table VI, a reduction in the carbon 
concentration by exposure of the specimens to the various sinks does not significantly 
change the stress exponent from that for the as-processed alloy, 

TABLE VI 

STRESS EXPONENT, n, FOR D43 (DUP D) EXPOSED TO INTERSTITIAL SINKS 
OF DIFFERENT COMPOSITIONS 
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FIGURE 16. THE EFFECT OF STRESS ON THE STEADY-STATE CREEP RATE 
OF D43 (DUP D) EXPOSED TO MTERSTITIAL SINK FOILS OF 
DIFFERENT COMPOSITION 

33 



2.2.5 The Relationship Between the Structure, the Creep Rate and 
the Sink Composition 

Fig. 17 shows the effect of heat treatments without and with a titanium sink 
on the structure of D43 (Dup D). 
inhomogeneous with respect to the size and distribution of the subgrains and carbide 
particles. Nevertheless, the 57-hour heat treatment at 2200°F without a titanium 
sink has rendered the specimen almost devoid of its initial substructure without evident 
loss of the carbide particles (Fig. 17B). It is difficult to determine if the heat treat- 
ment has altered the average carbide distribution or size because of the large variation 
in sizes and distributions observed. However, the reduced creep life induced by this 
heat treatment (Fig. 12) suggests that some agglomeration of carbide particles may 
have taken place as a result of this heat treatment. A s  previously discussed, the 
obstructions offered to dislocation movement by carbides contribute significantly to 
the creep life of this alloy. The effect of a titanium sink on the structure of D43 is 
shown in Fig. 17C. The carbides a re  removed from the structure by the action of the 
titanium. This change in structure correlates with a drastic reduction in the creep 
life of this alloy (Fig. 12). 

A s  previously discussed, the as-processed alloy Is 

- 

-I, 

Fig. 18 shows the structures in the gage sections of D43 (Dup D) specimens 
after creep strains of about 9 percent at 2200°F. Each of the structures shown are  
for creep specimens given precreep heat treatments with different interstitial sinks. 
The composition of the sinks ranged from unalloyed columbium to unalloyed titanium 
as indicated in Fig. 18. The transmission photomicrographs thus show the creep 
structures in D43 with carbon concentrations ranging from -800 ppm (Cb sink) to 
< 50 ppm (Ti sink). 
function of the sink composition in Fig. 13. It is evident that a decrease in the 
carbon concentration induced by the action of the interstitial sinks correlate quantita- 
tively with a decrease in the amount of second phase particles in the D43 structures. 
Further, the volume fraction of particles decreases as  the concentration of titanium 
in the sink 'increases. The number of carbide particles is  not noticeably reduced by 
annealing the specimens with a columbium sink. From thermodynamic considerations 
columbium would not be expected to act as  an interstitial sink for D43. However, even 
the weak (low chemical potential) sinks, Ti-DOCb and Ti-80Cb, noticeably decrease 
the number of carbides. No carbides were detected in specimens annealed with the 
stronger sinks T i  and Ti-3OCb and only one region of the specimen annealed with the 
Ti-6OCb sink was found to contain carbides. Qualitatively, the size of the carbide 
particles does not appear to change significantly in these specimens; rather it is the 
number of particles and, therefore, the interparticle spacing that undergoes the 
greatest change. 

The carbon concentrations in these specimens are  shown as a 

A s  previously pointed out in the discussion of Fig. 17, the structure of D43 
given a precreep heat treatment at 2200°F is devoid of substructure and has a low 
dislocation density. Therefore, the greater dislocation density and the substructure 
detected in the sink treated specimens after creep (Fig. 18) must have been generated 
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B. Annealed Without a 
Titanium Sink 

C. 

A. As-Processed 

Annealed With a 
Titanium Sink 

FIGURE 17. THE EFFECT ON THE STRUCTURE OF ANNEALING AS-PROCESSED D43 
(DUP D) WITH A TITANIUM SINK AND WITHOUT A TITANIUM SINK. 
(Specimens Annealed 57 Hrs  at 2200 O F: 14,500X Magnification) 
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A 

Cb Sink 

B 

Ti/9OCb Sink 

FIGURE 18. STRUCTURE O F  D43 (DUP D) AFTER 9 PERCENT CREEP STRAIN AT 
2200 F. (The specimens were given precreep heat treatments, 
57 Hrs/2200 O F ,  with the interstitial sinks listed adjacent to the 
micrographs. 32,000 X Magnification) Sheet 1 of 3 

36 



FIGURE 18 (Continued - Sheet 2 of 3) 

C 

Ti/80Cb Sink . 

D 

Ti/GOCb Sink 
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E 

Ti/SOCb Sink 

F 

Ti Sink 

FIGURE 18 (Continued - Sheet 3 of 3) 
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during creep deformation. The results suggest that the obstructions to dislocation 
glide offered by the carbide particles tend to increase the uniformity and density of 
dislocations (Fig. 18, compare A and B with C, D, E and F). In addition, well dev- 
eloped subgrains were observed most often in the specimens that were low in carbides 
(Fig. 18C and E). Evidently the dislocation interactions required for subgrain 
formation are' retarded by the interactions of dislocations with carbide particles 
where the density of particles is high. 

This investigation has shown that the creep rate of D43 is proportional to the 
affinity (chemical potential) of the interstitial sink for carbon (Fig. 14). The creep 
rate is, therefore, also inversely proportional to the carbon concentration remaining 
in the D43 after exposure to the sink (Fig. 15B). Examination of the structures after 
creep (Fig. 18) also shows that the creep rate is qualitatively inversely proportional 
to the number of carbide particles in the alloy. The obstruction offered to dislocation 
movement by the carbides is  evident in Fig. 18A. Here,  many instances of dislocation 
bowing out between carbide particles are  evident. The obstructions to dislocation move- 
ment are primarily the carbide particles with dislocation networks and other potential 
obstructions playing a secondary role. The increasing creep ,rate with decreasing 
carbon concentration can thus be related directly to the number of carbide particles 
obstructing dislocation movement. A s  the carbides are  removed from the structure, 
dislocation networks and subgrains probably become the important structural features 
controlling the creep rate of this alloy. 
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111, EFFECT OF TITANIUM ON THE STRUCTURE AND INTERSTITIAL 
CONCENTRATION OF TZM AND T222 

Diffusion couples were prepared by diffusion bonding 0,002 inch titanium or 
hafnium foil to nominally 0.030 inch T222 and TZM sheet specimens 0.3 inch wide 
and 2.5 inches long. The bonding conditions used were 15 seconds at 2200" F with a 

specimens making T i/alloy/T i or Hf/alloy/Hf sandwiches. 

a 

bonding pressure of 8,500 psi. The foils were bonded to both surfaces of flat alloy 5. 

All of the diffusion couples were then vacuum annealed to induce interstitial 
partition to the sinks. The structure and interstitial concentration of part of the 
specimens were then compared with similarly heat treated specimens that had not 
been bonded to interstitial sink. The results for the titanium sink are discussed 
in the first section below: 
Concentrations Induced by a Titanium Sink. 

Change in the As-Processed Structures and Interstitial 

The remaining T222 and TZM diffusion couples that had been heat treated to 
induce interstitial partition to the titanium were cold rolled to 75 percent reduction in 
area and heat treated again at various temperatures to induce recrystallization. These 
structures were  then compared with the structures of specimens that had not been 
bonded to titanium but had received the same thermal and mechanical treatments. 
These results are discussed in the second section below: Recrystallization Studies 
after Annealing with a Titanium Sink Followed by Deformation. 

In the third section below the results of some brief studies of the effect of a 
hafnium interstitial sink on the as-processed structure and the recrystallization of 
T222 are reported, This system has practical importance in view of the use of 
Hf-2OTa alloys as  claddings and braze alloys. 

3.1 CHANGES IN THE AS -PROCESSED STRUCTURES AND INTERSTITIAL 
CONCENTRATIONS INDUCED BY A TITANIUM SINK 

Fig. 19 shows the Ti/alloy structures after diffision bonding. The structure 
of the T222 and TZM are those for the as-processed condition and are not influenced 
by the titanium bonding beyond a narrow diffusion zone. The grains in the TZM are  
deformed and elongated in the direction of rolling, whereas the grains in the T222 are 
relatively equiaxed. These grain structures are identical with tbose in the as-processed 
but unbonded alloy. 

The structures of the as-proceksed TZM alloy after heat treatments with and 
without titanium (at 2000°F and 2500°F) are  shown in Figures 20 and 21, Heating the 
T ZM (Fig. 20) at 2000" F , both with and without titanium, induces a coarsening of the 
cold-worked structure without evident recrystallization. After the 2500" F heat 
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TZM T i  

T222 T i  

FIGURE 19. AS BONDED TZM/Ti  AND T222/Ti  (SOOX Magnification) 
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1 Hr/2000 F 

1 Hr/2000 F 
Plus Ti 

16 Hrs/2000 F 

16 Hrs/2000 F 
Plus T i  

FIGURE 20. STRUCTURE O F  TZM ANNEALED AT 2000' F WITH AND WITHOUT 
A TITANIUM SINK (500X Magnification) 
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1 Hr/2500 F 

16 Hrs/2500 F 

1 6  Hrs/2500 F 
Plus Ti 

FIGURE 21. STRUCTURE O F  TZM ANNEALED A T  2500" F WITH AND WITHOUT 
A TITANIUM SINK (500X Magnification) 
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trepkments (Fig: 21) the TZM is fully recrystallized for specimens heated either with 
o r  without a titanium sink. However, the grains in the TZM heated with titanium for 
16 hours at 2500°F are  somewhat mom symmetrical than those in the TZM heated 
without titanium. This series of tests show that titanium, a strong interstitial sink, 
has a relatively minor effect on the grain structure induced by the recrystallization 
of the as-received TZM. 

A s  shown in Figures 20 and 21, a second phase is formed in the titanium foil 
adjacent to the TZM after'both the 2000°F and 2500°F heat treatments. This phase 
is usually found toward the outside of the titanium foils; although in some cases a 
phase is evident toward the center of the foils. Analysis of one of these particles with 
an electron probe showed that its composition is approximately that for Tic. This 
suggests that the titanium is acting as  a sink for carbon in the TZM since it will be 
shown below that the TZM adjacent to the titanium loses carbon. 

* 

~ 

The structures of the as-received T222 after annealing at 2000 and 2500°F 
with and without titanium are shown in Figures 22 and 23. The grain structure of the 
T 222 is relatively unchanged by these annealing treatments. The redistribution of 
interstitials between the alloy and the titanium (if any) is evidently insufficient to alter 
the grain structure of this alloy. A minor phase is again evident in the titanium after 
16 hours at 2000" F and after the 2500" F heat treatments. Carbides were detected 
with the electron microprobe in the titanium foil adjacent to the T222 heated for 16 
hours at 2500°F (Fig. 23). It will be shown below that there is no loss of carbon 
from the T222 substrate. Therefore, the carbide in the titanium foil may be caused 
by carbon pick-up during vacuum annealing. 

The concentrations of carbon and oxygen in the T222 and TZM after the 
various annealing treatments with and without titanium are compared in Table VIS. 
The analyses shown as "Plus Ti" are for portions of the heat treated Ti/alloy/Ti 
diffusion couples analyzed after the titanium had been removed by chemically thinning 
the couple to 0.026 inch. 
diffusion into the alloys 
as  an interstitial sink for TZM and T222. The nitrogen concentrations were also 
determined but are not reported here because the concentrations were low (< 10 ppm), 
and they did not vary significantly with heat treatments. The oxygen concentration in 
the TZM appears to be slightly reduced by annealing treatments, both with and without 
a titanium sink (i.e., from -40 ppm to -20 ppm). Although the scatter in analyses 
is relatively high in this low concentration range, the results are  sufficient to show 
that the titanium used in this study (initial oxygen concentration of -3000 ppm) is not 
a strong sink for oxygen in TZM. The carbon concentration is significantly reduced 
by the 2500 and 2700°F annealing treatment, both with and without titanium. In this 
regard, the vacuum annealing treatments alone appear to be about as  effective as  
the annealing treatment with the titanium sink in' removing interstitials from theTZM. 

This center section which is well below the zone of titanium 
was used as  a measure of the effectiveness of the titanium 
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1 Hr/2000 F 

16 Hrs/2000 F 

FIGURE 22. STRUCTURE O F  T222 ANNEALED AT 2000 F WITH AND WITHOUT A 
TITANIUM SINK (500X Magnification) 
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1 Hr/2500 F 

1 Hr/2500 F 

Plus Ti 

16 Hrs/2500 F 

16 Hrs/2500 F 

Plus Ti 

FIGURE 23. STRUCTURE OF T222 ANNEALED A T  2500 F P’ITH AND WITHOUT 
TITANIUM SINK (500X Magnification) 
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The effects of the annealing treatments on the carbon concentration in the TZM 
are  shown plotted in Fig. 24. The carbon concentration in the alloy i s  only slightly 
reduced at 2000°F but is  reduced to less than half of its initial concentration by the 
longer heat treatments at 2500" F (or the 16 hour heat treatment at 2700" F, Table VII). 

A s  shown in Table VII, the oxygen concentration in the T222 remains about 
the same o r  is slightly increased by the annealing treatments, both with and without 
titanium. The oxygen increase, however, is somewhat greater when the alloy is 
annealed without titanium bonded to its surfaces. Although the scatter in the analyses 
for oxygen in this'low concentration range is relatively high ( 4- 10 ppm) the results 
are  sufficiently accurate to show that titanium is not likely to be an effective 
interstitial sink for the oxygen that is in T222 at temperatures up to 2700°F. 

The carbon concentration in T222 is not significantly reduced by annealing 
this alloy at 2000"F, 2500°F or  2700"F,with or  without titanium; rather, the results 
indicate that the carbon concentration may be increased by annealing. This is  evident 
in Table VII and in Fig. 25 where the analyses for carbon in T222 are plotted versus 
annealing time at 2000 and 2500°F. These analyses are certainly sufficient to show 

TABLE VI1 

CARBON AND OXYGEN CONCENTRATIONS IN TZM AND T222 
ANNEALED'WITH AND WITHOUT A TITANIUM SINK 

Treat men t 

A s  Received 

1 hr/2000° F No Ti 
Plus Ti 

16 hrs/200O0 F No Ti 
Plus Ti 

1 hr/250OoF No Ti 
Plus Ti 

16 hrs/250O0 F No Ti 
Plus Ti 

70 hrs/25OO0 F No Ti 
Plus Ti 

16 hrs/270O0 F No Ti 
Plus Ti 

TZM 

A n a l y s e s  (ppm) 

0 

40 

21  
13 

26 
25 

31 
22 

23 
25 

7 
19 

25 
15 

47 

C 

260 

220 
200 

222 
220 

177 
' 210 

100 
90 

75 
85 

80 
70 

T222  

A n a l y s e s  (ppm) 

0 

2 1  

61 
25 

22 
28 

72 
22 

98 
46 

52 - 
60 
40 

C 

185 

150 
157 

16 8 
152 

183 
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200 
197 

32 0 
275 
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FIGURE 24. CARBON CONCENTRATION IN TZM AS A FUNCTION OF ANNEALING 

TIME AT 2000 O F AND 2500" F 
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FIGURE 25. CARBON CONCENTRATION IN T222 AS A FUNCTION OF ANNEALING 
TIME AT 2000" F AND 2500" F 

49 



that the carbon concentration in T222 is not reduced by the action of titanium o r  of 
a vacuum for temperatures up to 2700OF. In addition, two heat treatments, 70 hour - 
2500OF and 16 hour - 2700°F, show an increase in carbon concentration of the T222 
when heated without titanium and one analysis, 70 hours - 25000F, shows an increase 
in carbon concentration of the T222 when heated with titanium, 
T222 may be susceptible to carbon pick-up during the vacuum heat treatment. 

This suggests that 

The equilibrium partition of interstitials between a refractory' metal and a 
sink metal is determined by the difference between the partial molar free energy(CL) 
of the interstitials in the two metals. A s  previously discussed, ( p )  can be defined 
by the equation # 

p = .AF + RTlnX/S 

where A F  is the free energy of the interstitia€ solution for unit interstitial activity 
(approximated by the free energy of formation of the interstitial compound), X is the 
concentration of interstitial in solution in the metal, T is the temperature, and S is 
the saturation solubility. For  two metals such as  A and B where the partition of 
interstitial, X, 1 - 

' ( x i n B ) -  % i n  A) has reached equilibrium (i. e., 

it has been shown that (First Interim Technical Report) 

A F M -  AFBX'RTln-' - xB 
sB xA 

and , 

According to Eq. 14 the factors affecting the equilibrium partition, XB/XA at constant 
temperature are the saturation solubility ratio SB/SA for the interstitials in the two 
metals, and the difference in the free energies of formation of the interstitial com- 
pounds 

Available thermodynamic data suggest that titanium is qualitatively a strong 
sink for oxygen in both molybdenum and tantalum (the base metals for TZM and T222 
respectively). 
titanium and these metals quantitatively because the thermodynamic data are not known 
with sufficient accuracy to permit an accurate calculation of X ~ / X A  from Eq. 14. 
The equilibrium partition of oxygen between titanium and TZM, OT~/OTZMJ can be 
approximated, however, from the data in Table VII and the inltial oxygen concentration 
in the titanium. The equilibrium or  final oxygen concentration in the TZM after 
annealing the alloy with titanium at 2500 and 2700'F is almost the same as  the initial 
Concentration (-40 ppm), and the initial oxygen concentration in the titanium is about 
3000 ppm. Therefore, the partition ratio, OTi/OTZy , is about 1O0/1. Similarly, 
if the equilibrium oxygen concentration in the T222 is aken to be about 50 ppm 

It is difficult to predict the equilibrium partition of oxygen between 
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(Table VIE), the partition ratio OTi/OT222 is about 60/1. Because of the low initial 
oxygen concentration in both TZM and T222 (20-40 ppm) and the relatively high 
initial concentration in the titanium (- 3000 ppm) the initial and equilibrium partitions 
between the titanium and the alloys appear to be approximately equal. In this regard, 
the oxygen analyses in Table VI1 suggest that the titanium may even lose some of its 
oxygen to the T222 in adjusting the initial to the equilibrium oxygen ratios. The results 
shown in Table VI1 also suggest that the vacuum may be a sink for owgen in TZM. 
Calculations indicate that a vacuum of about 10'8Torr is  required to induce a loss of 
oxygen in TZM through the dissociation of Moo2 at 2500'F. 
from the TZM to the vacuum could occur by the reduction of a more unstable oxide 
phase that may form in this alloy o r  through a carbon-okgen reaction. A s  shown in 
Table VII, the T222 may gain rather than lose oxygen as a result of vacuum annealing 
without titanium. This can be predicted qualitatively on the basis of the greater stabil- 
ity of tantalum oxide relative to molybdenum oxide (e. g. , vacuum of 
would be required to dissociate Ta205 at 2500" C). 

An analysis of thermodynamic data suggests that titanium will be qualitatively 
a strong sink for carbon in molybdenum and tantalum. However, thermodynamic data 
do not permit a quantitative determination of the partition of carbon between the titanium 
and the alloys, TZM and T222. Approximate equilibrium partitions can again be 
derived from the data in Table VII, the initial carbon concentration and the thicknesses 
of the titanium foil and alloy sheet. 
TZM of 260 and 90 ppm respectively (see Table VII) and 50 ppm carbon in the titanium, 
it can be shown that the final carbon concentration in the titanium must be about 
3000 ppm. On this basis the equilibrium carbon ratio C T ~ / C T Z M  is about 30/1. 

However, a loss of oxygen 

- 

Torr 

For initial and final carbon concentrations in the 

With the exception of the 70-hour heat treatment at 25OOOF , T222 shows little 
change in carbon concentration when heated in contact with titanium. For example, 
after the 16-hour heat treatments at 2500 and 2700°F with titanium, the carbon concen- 
tration in the T222 is almost the same as  its initial carbon concentration. Therefore, 
the initial partition of carbon between T222 and titanium is almost equal to the final 
partition o r  cTi/cT222 =r 500/200 "2.5/1 (the initial concentration of carbon in the 
titanium foil is about 500 ppm). 

3.2 RECRYSTALLIZATION STUDY AFTER ANNEALING WITH A TITANIUM 
SINK FOLLOWED BY DEFORMATION 

To further investigate the effect of a titanium interstitial sink on the recrystal- 
lization kinetics of T222 and TZM, the as-received specimens that had been annealed 
for 16 hours at 2500°F with titanium and specimens that had been annealed without 
titanium were cold rolled to 75 percent reduction in area and subsequently re-annealed 
to induce recrystallization. 
specimens were then compared with the recrystallization kinetics for specimens that 
had not been annealed with titanium prior to reduction in area. 

The recrystallization kinetics of the titanium-annealed 
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The structures of the TZM and T222 after cold rolling are  shown in Fig. 26, 
and the structures induced in the alloys by annealing the cold rolled specimens at 
temperatures from 2000 to 2500°F are  shown in Figures 27 and 28. The structures 
of the alloys after cold rolling (Fig. 26) a re  typical of highly worked metals, and the 
structures shown in Figures 27 and 28 depict the various stages of recrystallization. 
The structures in the first column of these figures (labeled without Ti) a re  those for 
the as-received alloy annealed for 16 hours at 2500°F prior to a reduction in area of 
75 percent and the annealing treatments indicated. The structures in the second col- 
umn in these figures (labeled with Ti) are  those for the Ti/alloy/Ti diffusion couples 
annealed for 16 hours at 2500°F prior to a reduction in area of 75 percent and the 
annealing treatments indicated. If interstitial partition to the titanium sink affects the 
recrystallization kinetics of these alloys relative to vacuum annealing without titanium 
the grain structures shown in the first columns should be different from those shown 
in the second columns of Figures 27 and 28. Since the structures are very similar, 
these results suggest that a titanium sink does not significantly affect the recrystal- 
lization kinetics of these alloys. 

c 

3 . 3  THE EFFECT OF A HAFNIUM SMf( ON THE STRUCTURE OF T222 

The results of Sec. 3.1  and 3.2 show that titanium (75A) does not appear to 
be an effective interstitial sink for the interstitials in T222. A s  discussed in Sec. 3.1, 
titanium may not have a great enough affinity for  interstitials to reduce their concentra- 
tions below that initially in the T222. In order to test 'this hypothesis, a stronger 
interstitial sink, hafnium, was selected for additional study. The free energies of 
formation of both the oxides and carbides for this metal a r e  judged to have a greater 
negative value than those for titanium (Ref. 5 , 6). 

The experimental procedures followed in this phase of the investigation were 
the same as  those used for the titanium sink work described above. The structures 
of the as-bonded diffusion couples were very similar to those shown in Fig. 19 for 
T222/Ti. A s  previously observed, the grain structure of the T222 was not changed 
by the diffusion bonding. The Hf/T222/Hf diffusion couples were vacuum annealed at 
2700OF for 16 hours to allow interstitial partition to take place between the two metals. 
Specimens of unbonded T222 were also heat treated with the diffusion couples to use 
as a standard for comparison of the effect of the hafnium sink on the grain structure 
of the alloy. The structures of specimens heated with and without a hafnium sink are 
shown for comparison in Fig. 29. It is evident that the alloy has a larger grain size 
when it is heated with hafnium. This is consistent with a reduction in the amount of 
grain stabilizing interstitial phase due to the action of the hafnium sink. In addition, 
the sink treated specimen appears to have less second phase particles at the grain 
boundaries. In this regard, the amount of second phase appears to be greater near 
the surface of the specimen heated without hafnium. This may be caused by inter- 
stitial "pick-up" during the vacuum heat treatment. A s  shown in Table VII, both the 
oxygen and carbon concentrations of the T222 are increased when the alloy is heated 
at 2700" F without an interstitial sink. However, if interstitial contamination has 
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TZM 

T222 

FIGURE 26. STRUCTURES TYPICAL OF TZM and T222 AFTER 80 PERCENT 
REDUCTION IN AREA: 500 X MAGNIFICATION 
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Without Ti With Ti 

2000" F 

II 

2200" F 

2400" F 

2500" F 

FIGURE 27. STRUCTURE OF TZM (Annealed 2500°F for 16 Hours With and Withod 
Titanium Sink Prior  to Cold Rolling and Annealing 1 Hour at the Temp- 
eratures Indicated) 500X Magnification 
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Without Ti With Ti 

2000" F 

22 00" F 

2400" F 

2500" F 

FIGURE 28. STRUCTURE OF T222 (Annealed 2500°F for 16 Hours With and Without 
a Titanium Sink Prior  to Cold Rolling and Annealing 1 Hour at the 
Temperatures Indicated) 500X Magnification 
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1 Hr/2700° F 
Without Hf 

1 Hr/270Oo F 
With Hf 

FIGURE 29. STRUCTURE OF AS-RECEIVED T222 ANNEALED AT 2700" F WITH 
AND WITHOUT A HAFNIUM SINK (500X Magnification) 
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taken place near the specimen surface, it does not seem to have affected grain growth 
since the grain size is uniform throughout the specimen. 

Following the procedure used previously for titanium, the as-received speci- 
mens that had been annealed for 16 hours at 2700°F with hafnium and specimens that 
had been annealed without hafnium were cold rolled to 75 percent reduction in area and 
subsequently re-annealed to induce recrystallization. The grain structure of the haf - 
nium-annealed specimens were then compared with the grain structure of specimens 
that had not been annealed with hafnium prior to reduction in area. Fig. 30 (A, C , D, 
F) shows the resulting grain structures. The specimens heated with hafnium (Fig. 30, 
C and F) are more fully recrystallized o r  have a somewhat larger grain size than 
those heated without hafnium (Fig. 30, A and D). For comparison of the relative 
effects of titanium and hafnium sinks on the grain structure of "222, the microstruc- 
tures of specimens heated with titanium are also shown in Fig. 30 (B and E), It is 
evident that titanium has less effect on the grain structure of T222 than does hafnium. 

The results of this series of tests suggest that hafnium has a great enough 
affinity for the interstitials in T222 to reduce the concentrations of structure stabilizing 
interstitial compounds (primarily carbides). This reduction in the amount of the dis- 
persed interstitial phase is sufficient to enhance recrystallization and grain growth in 
this alloy. In contrast with this behavior, titanium does not appear to be an effective 
interstitial sink for T222. 
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A 

Heated Without Sink before 
Deformation and Annealing 
1 Hr  at 2200" F 

B 

Heated With Ti Sink before 
Deformation and Annealing 
1 H r  at 2200O F 

C 

Heated With Hf Sink before 
Deformation and Annealing 
1 H r  at 2200" F 

FIGURE 30. STRUCTURE OF T222 HEATED WITH AND WITHOUT A SINK PRIOR 
TO COLDROLLING AND ANNEALING AT THE TEMPERATURES 
INDICATED: 500X Magnification (Sheet 1 of 2) 
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5 

D 

Heated Without Sink before 
Deformation and Annealing 
1 Hr at 2500" F 

E 

Heated With Ti Sink before 
Deform ation and Annealing 
1 H r  at 2500" F 

F 

Heated with Hf Sink before 
Deformation and Annealing 
1 H r  at 2500" F 
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FIGURE 30. STRUCTURE OF T222 HEATED WITH AND WITHOUT A SINK PRIOR 
TO COLD ROLLING AND ANNEALING AT THE TEMPERATURES 
INDICATED: 500X Magnification (Sheet 2 of 2) 
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IV. CHEMICAL POTENTIAL MEASUrnMENTS 

A method to determine the chemical potential of interstitials in refractory 
alloys was evaluated. The objective was to generate experimental interstlal-partition 
data for comparison with partitions calculated from thermodynamic data (Sec. 11, 
First  Interim Technical Report). The system selected was oxygen in columbium- 
titanium alloys, a system comparable with Ti/D43. The procedure followed was 
similar to that used by Kubaschewski, et al, (Ref. 7), and Allen, et al, (Ref. 8) to 
determine the partial free energy (chemical potential) of oxygen in titanium and vana- 
dium with one major exception; in the present study foil specimens were used, whereas 
in the previous work powder specimens were used. It was believed that the foil 
specimens would minimize difficulties encountered in the referenced works in separ- 
ating the specimens from the calcium in which they were embedded. 

a 

Foil specimens (0.010 in. thick) of Ti, Ti-50Cb and Cb were placed in 
titanium bombs containing calcium. The bombs were evacuated and heated at 1200" C 
to allow oxygen to partition between the calcium and the foil specimens. After this 
heat treatment, the calcium was chemically removed from the foils and the residual 
oxygen in the foils was analyzed. It was assumed that equilibrium was attained and 
that 

= A F " ~ ~ ~  
(0) 

where pM(0) is the chemical potential of oxygen in the foils and AF" in the free 
energy of formation of CaO at the heat treating temperature. Since AFkaa4 is  
known (115K Cal/Mole), it follows that PM(o) can be determined for the reduced 
oxygen concentrations in the foils. 

The results of the analysis are  listed in Table VIII. Tests were made using 
duplicate bombs to check the reproducibility of the experimental techniques and the 
analysis. One bomb was tested using a powder specimen rather than a foil specimen. 
This was done to compare the residual oxygen analysis for similarly treated powder 
and foil specimens. A s  shown in Table VIII, the oxygen concentration in the powder 
specimen (Bomb 3) is much greater than that in the foil specimens, (Bombs 1 and 2). 
High oxygen values could result from incompleteness of the reaction in the bomb and 
oxygen pick-up during treatment of the powder after removal from the bomb. Incom- 
pleteness of the reaction for the powder material could be a factor contributing to its 
greater residual oxygen concentration since its initial oxygen concentration was higher 
than that of the titanium foil. On the other hand, the much greater area of contact of 
the powder specimens with the calcium should facilitate rapid partition of oxygen. It 
is, therefore, more likely that oxygen pick-up during or  after separation of the powder 
from the calcium is a major factor contributing to its high oxygen concentration. 
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TABLE VIII 

REDUCTION IN OXYGEN CONCENTRATIONS INDUCED BY CALCIUM 

Bomb No. 

1 
2 
3 

4 
5 

6 
7 

Foil 
Compos it ion 

Ti  
Ti  
Ti  (Powder) 

Ti-50 at% Cb 
Ti-50at% Cb 

Cb 
Cb 

Oxygen 
Concentration (ppm) 

870 
920 
4370 

240 
250 

130 
105 

In this regard, high values of oxygen in similarly treated vanadium and titanium powders 
in the referenced works were  attributed to oxygen pick-up after the equilibrium heat 
treatment. For titanium powder equilibrated with calcium at -1000" C oxygen concen- 
trations ranging from 700 to 1200 ppm were reported (Ref. 7). Because of possible 
oxygen contamination, the low concentration, 700 ppm, was taken as  the best value. 

A s  shown in Table VII, the agreement between oxygen concentrations for the 
duplicate specimens is good, showing that the experimental methods are reproducible. 
In addition, the much lower oxygen concentration in the foil specimen relative to the 
powder specimen suggests that the former are  preferable to minimize oxygen pick-up 
in this type of experiment. The concentration of residual oxygen in the specimens 
decreases progressively in the order Ti, Ti-50Cb, and Cb. This is in agreement 
with the theory predicting a much greater oxygen affinity for titanium relative to col- 
umbium. However, the residual oxygen concentrations listed in Table VIII are much 
greater than the equilibrium values calculated according to Eq. 1 0  (e. g., 12 ppm 
oxygen in titanium). Additional work would be required to ascertain the cause of the 
discrepancy between the experimental and calculated values, and this is beyond the 
scope of the present program. 
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V. SUMMARY AND CONCLUSIONS 

This investigation is a study of the relationships between the interstitial con- 
centration, the structure and the creep strength of refractory metals when they are  
subjected to an interstitial sink (a metal in which interstitials concentrate). The system 
studied in greatest detail thus far is that for carbon partition between a titanium (or 
titanium-columbium) sink and a columbium base alloy, D43. 

= 

- -  
5.1 CREEP OF D43 

The activation energy for creep of the as-processed D43 was determined 
from 1600 to 3200°F. Above about 2200°F the activation energy is approximately 
equal to that for self-diffusion and is independent of temperature and stress. These 
characteristics suggest that the rate controlling creep mechanism in this temperature 
range involves dislocation climb, 
creep suggest that the rate controlling mechanism is the climb of edge dislocations 
over carbide particles. 

Examination of the structures before and after 

Creep studies at 2200°F show that the activation energy is also relatively 
independent of creep strain, the processing treatment and precreep treatments that 
produce gross changes in the structure of the alloy; heat treatments that reduce the 
dislocation and subgrain density and interstitial sink treatments that remove the car- 
bide dispersion produce only minor changes in the activation energy for creep. There- 
fore, creep appears to be controlled by a dislocation climb mechanism independent of 
the carbide dispersion and the dislocation structures in this alloy. Below about 2200°F 
preliminary results indicate that the activation energy for creep increases to values 
above that for self-diffusion. This increase in the activation energy is believed to be 
caused by solute-atom dislocation interactions in this temperature range. 

The stress dependency of the strain rate at 2200°F for D43 processed in dif- 
ferent ways ranges from n = 7.7 to 9.5 where F a u n .  
exponent, n, is relatively independent of precreep treatments that change the struc- 
ture of the alloy. Heat treatments both with and without an interstitial sink produced 
little change in the stress exponent. Yet, these treatments eliminate the subgrain 
structure, the carbide dispersion and reduce the dislocation density.' 

In addition, the stress 

The stress exponent for the high temperature creep of many pure metals 
(BCC, FCC and HCP structures) is about five (Ref. 9). Data have been reported 
showing a tendency for solute additions to decrease the stress sensitivity (Ref. 10)  
and for a dispersed phase to increase the stress sensitivity. For the latter case, 
values of n up to 40 have been reported (Ref. $1). Although the data available are 
rather meager, most of the dispersion strengthened alloys investigated show stress 
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exponents in the range 6 to 8(Ref. 4)J(e.g. , A1 0 -Ni, A1203-Al and Th02-Ni). Thus, 
the range of values for D43 of 
number of other systems, 

In previous work attention has been drawn to a correlation between the stored 
energy of cold work and the stress exponent for dispersioned strengthened alloys. 
Increasing values of n were correlated with an increase in the amount of deformation 
to which the alloy was subjected and a decrease in the grain or subgrain size. For 
example, the stress exponent for recrystallized ThOZ-Ni was found to be in the range 
6 to 8 (Ref. 4 ), whereas the stress exponent for the as-processed alloy with a more 
worked structure was The results for D43, however, show no such 
correlation. 
exponent. In this regard, D43 (Dup F) which is the processing condition showing the 
most annealed structure (i. e. , largest subgrain size and lowest dislocation density), 
has a somewhat larger stress exponent than D43 processed in the other conditions 
(n = 9.5 versus n = 8.1 and 7.7). In contrast with the results cited for Tho2-Ni, 
the stress exponent for D43 appears to be independent of structure. Interstitial sink 
treatments that change the structure before creep (Fig. 17) and also affect a change 
in the structure after creep (Fig. 18) have little influence on the stress exponent 
(Table VII) . 

2 3  7.5 to 9.5 is near the range of values found in a 

< 

40 (Ref. 11). 
Differences in processing result in only minor changes in the stress 

Ansell and Weertman (Ref. 12) have derived theories for the creep of disper- 
sion strengthened alloys. For fine grained or  as-processed SAP alloy they propose 
that the stress dependence of the creep rate is in the activation energy term. 

where B is a constant. For this qualitative relationship it Pa e-.- 
is proposed tha the creep rate is controlled by the rate of dislocation generation from 
grain boundaries. 

Thus 
(H -Bu) 

RF 
The as-processed D43 does not obey a relationship of this type since the 

measured activation energy is constant in the range 2200-3200°F and is independent 
of stress. 
theory predicts that coo cr for low stress, $a o4 for intermediate stress,cOa u 2 exp 0 2 
for high stress. These derivations are based upon a strain rate controlled by the 
climb of edge dislocation over second-phase particles. None of these stress depend- 
encies agree with the data derived for D43, whether fully annealed or as-processed. 

The stress dependence of the creep rate, on, has also been related to the 
stress dependence of the mobile dislocation density, od (Ref. 13). Thus cbonaob 
so that for a given stress an increase in b increases both Eo and n. Further, it has 
been proposed that 

For recrystallized or coarse grained dispersion strengthened alloys their 

2 Q  = ( j  
0-  0 0  

where Q 0 is termed a friction stress o r  internal resistance to dislocation movement. 
A s  0 0  increases b will increase and so, therefore, will the stress exponent n. It 
has been suggested that will be large for dispersion strengthened metals and that 
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this accounts for stress exponents greater in dispersion strengthened alloys than in 
pure metals. According to this concept, the stress exponent, n, should decrease 
upon removal of the dispersed phase. However, the results of this study show that 
the stress exponent is  not changed by the progressive removal of the carbide phase 
by the interstitial sinks. 

lated with existing creep theories. 
somewhat larger than that found for pure metals. 

The stress dependence of the creep rate of D43, therefore, cannot be corre- 
It is independent of structure and has a value L 

The results of this study of the creep behavior of 043 show that the creep 
rate near 0.5 TM can be expressed empirically by the equation 

-H/RT 
eo = A a n e  

where H is 112 - 118 K cal/mole (approximately that for self-diffusion), n is 7.7 
to 9.5 and A is (1.7 x /C, The term, C, included in the definition of A is 
the concentration of carbon in the alloy in ppm from 100 ppm to the maximum carbon 
concentration tested, 800 ppm. 
in the D43, thereby increasing the value of A and the creep rate. The values of n 
and H do not appear to be affected by the action of the interstitial sink. Structure 
studies show that the reduction in carbon induced by the interstitial sinks corresponds 
with a reduction in the number of carbide particles that obstruct dislocation movement. 
A s  these obstructions are removed by the sink, the creep rate increases. 

The subgrain and dislocation structures in D43 introduced during processing 
and during creep do not, in themselves, seem to play an important role in strength- 
ening this alloy. The results suggest rather that the obstructions offered by carbide 
particles to moving dislocations during creep contribute more to the high temperature 
strength of this alloy. In this regard, electron microscopy observations of specimens 
after creep testing at 2200°F show little evidence of substructure retention o r  formation; 
however, these specimens do show a high degree of direct interaction of dislocations 
with carbide particles. The effect of processing treatment on the creep rate (a change 
in creep rate by a factor of 2 to 3) is believed to be caused at least in part by the varia- 
tions in the carbide particle distribution and size in the differently processed specimens. 
Substructure may be a factor influencing the nucleation and growth of the carbides in 
D43 during processing and thus may indirectly affect the creep rate by influencing the 
characteristics of the carbide. 

A n  interstitial sink reduces the carbon concentration 

The importance of carbides to the high temperature strength of D43 is shown 
by the increase in creep rate at 2200°F by a factor of about 20 for a decrease in carbon 
concentration of about 700 ppm. This reduction in carbon concentration i s  directly 
proportional to the affinity of the interstitial sink for the carbon in D43. The reduction 
in carbon in the alloy can ._~ be _ _  correlated __. __._. qualitatively - with a reduction - . -. _- in the - number of 
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carbide particles (and, therefore, an increase in interparticle spacing) rather than . 
with a reduction in the diameter of the particles. On this basis, the proportionality 
between creep rates of the sink treated specimens and their reciprocal carbon concen- 
trations can be accounted for. T 

5.2 EFFECTS OF INTERSTITIAL SINKS ON TZM AND T222 
5 

The effects of a titanium sink on the interstitial concentration and the recry- 
stallization behavior of TZM and T222 in the temperature range 2000-2700" F were 
studied. The recrystallized grain structures of these alloys did not differ signifi- 
cantly for specimens annealed with and without a titanium sink. The carbon concen- 
tration in the TZM was reduced to less than half of its initial concentration when the 
alloy was vacuum heat treated at 2500 and 2700" F. This reduction occurred when the 
alloy was heat treated with titanium o r  without titanium; thusIvacuum heat treatments 
were about as effective as  titanium in removing carbon from TZM. However, neither 
the vacuum heat treatments nor the action of titanium were effective in removing 
carbon o r  oxygen from T222. Results thus far have shown that titanium more effect- 
ively removes carbon and oxygen from D43 than from TZM. Titanium does not appear 
to be an effective sink for the interstitials in T222. However, the results of a study 
of the recrystallization behavior of T222 subjected to a hafnium sink suggest that 
this reactive metal is a sink for interstitials in T222. 

w 

5.3 CHEMICAL POTENTIAL MEASUREMENTS 

A n  experimental method to determine the chemical potential of interstitials 
in refractory metals was investigated; The experimentally measured partition of 
oxygen in t itanium-columbium alloys for a given chemical potential was compared 
with the partition determined from thermodynamic calculations. Agreement was good 
qualitatively but poor quantitatively. Although this method has good potential, addit- 
ional work would be required to critically evaluate its capabilities. 
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VI. FUTURE WO*RK 

The creep rate is  related to the activation energy by an exponential term, 
exp -H/RT . Therefore , the creep rate is  a sensitive function of the magnitude of the 
activation energy for creep. Above about 0.5 TM the activation energy is approxi- 
mately constant and is usually equal to that for self-diffusion, One way in which the 
activation energy for creep can be increased above that for self-diffusion is to 
develop an alloy in which a solute-dislocation interaction creates a stable dislocation 
atmosphere. Here, the activation energy becomes that required to move the entire 
atmosphere rather than that for a vacancy-atom interchange characteristic of disloca- 
tion climb. Ufider the conditions where the drift velocity of the atmosphere is 
approximately equal to the dislocation velocity, the effective activation energy may 
become extremely high and the creep rate correspondingly low. Examples of this 
behavior are Zircaloy(Ref. 14), nickel (Ref. 15), A1-3.2Mg (Ref. 16) and D43 
in the present work (Fig. 2). The activation energy for  creep in a certain tempera- 
ture range for each metal is above the activation energy for self-diffusion. During 
the forthcoming period (March 8, 1968 through June 8, 1969) the creep behavior of a 
number of columbium and tantalum base alloys will be studied to determine the contri- 
bution of solutes to the elevated temperature strength of these alloys. The alloys 
will be selected to sort out the influence of various solutes on the creep rate thmugh 
their effect on the activation energy. This phase of the investigation should provide 
valuable information that is necessary to optimize the high temperature strength of 
refractory alloys and increase the efficiency of alloy development. 

6 
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